Ordered hexagonal arrays of isoporous films prepared from poly(9,9'-dihexylfluorene) and polystyrene grafted silica nanoparticles (Si-graft-PS) are presented. These close packed arrays were formed in areas of many square millimeters. The pore size varied from 2.9 -8.5 µm, depending on the concentration of Si-graft-PS and the processing conditions. Solid state photoluminescence resulted in a significant red shift of up to 30 nm in these films compared to conventional processing techniques. These differences are attributed to induced aggregation of the polymers caused by polymer-solvent interactions. Interfacial properties were investigated, and it was found that hydrophobic surfaces (contact angles of up to 129°) were prepared because of high surface roughness. These ordered porous polymer films may find use in microelectronic and bio-and/or chemical sensor applications.
INTRODUCTION
Conjugated polymers are an interesting class of materials because of their unique optical and electrical properties. 1 An important parameter that affects the properties of conjugated polymers is their film formation. For instance, the solvent from which the polymer film is cast can control the extent of aggregation, which dramatically influences the polymers optical, electrical and device properties. 2, 3, 4 This paper reports the formation, photophysical and interfacial characterization of ordered isoporous films composed of poly(9,9'-dihexylfluorene) (PDHF) and polystyrene grafted silica nanoparticles (Si-graft-PS).
Isoporous films (also referred to as honeycomb structures, breath figures, mesoscopic structures or bubble arrays) were first reported by François et al. on a rod-coil polystyrene-co-polyphenylene and polystyrene stars. 5 In this system, a template-free patterned polymer film is formed by drop casting from carbon disulfide in a humid environment. Condensation of water droplets on the solution surface, caused by the rapid cooling of the evaporating solvent (CS 2 ), assembles the polymer to form an ordered array. 6a The size and the shape of the pores can be controlled with the air flow and/or the atmospheric humidity. 6 The use of star, block, microgel and comb polymer architectures generate isoporous films. [5] [6] [7] Recently, we reported ordered isoporous organic-inorganic hybrid films. 8 In this system, atom transfer radical polymerization (ATRP) was used to graft polystyrene from Si nanoparticles.
The formation of isoporous films composed of conjugated polymers have generally been thought to require a polystyrene "coil" block, which was necessary for solubilization of the polymer and its self-organization. 5, 7a,b For instance, poly(phenylquinoline)-block-polystyrene 7a and poly(2,5-dioctyloxy-p-phenelene vinylene)-blockpolystyrene 7b form ordered isoporous films. Recent developments have shown that conjugated homopolymers are effective in producing ordered isoporous films. 9 To that end, Maruyama et al. reported the formation of mesoscopic patterns of amphiphilic poly(propylsulfonylthiophene) from a chloroform solution under humid conditions. 9a Furthermore, Parisi and coworkers used xylene as the casting solvent to produce ordered arrays of poly(3-octylthiophene) and a poly(phenylenevinylene) (PPV) precursor. 9b More recently, Bunz and coworkers used CS 2 as the casting solvent to form isoporous conjugated polymer films such as poly(p-phenyleneethynylene) (PPE), poly(3-hexylthiophene) (P3HT), poly(9,9-dioctylfluorene) (POF). Alternatively, Bolognesi and coworkers prepared ordered conjugated polymer films, via soft lithography, by replicating an isoporous polystyrene "stamp" from a conjugated polymer solution. 10 Blending is an interesting alternative that could improve the quality, introduce functionality and tailor the properties of isoporous conjugated polymer films, however, the relationship between the isoporous film formation and the blending ratio is not clear. In this paper, we first review our results on the preparation and photophysical properties of ordered isoporous films composed of PDHF and Si-graft-PS (Figure 1) . 11 To further examine the properties of these porous films, new results regarding photophysical and interfacial measurements of these porous films are reported herein. 
EXPERIMENTAL

Materials
Preparation of polystyrene grafted silica particles (Si-graft-PS) and poly(9,9'-dihexylfluorene) (PDHF) were previously reported in reference 8 and 12, respectively. Carbon disulfide (CS 2 ), chloroform (CHCl 3 ), dichloromethane (DCM), tetrahydrofuran (THF), and toluene were used as received from commercial sources such as Sigma-Aldrich and VWR.
Instrumentation
Optical microscope images were recorded on a Leica DM IRM optical microscope. Atomic force microscope (AFM) images were recorded on a CSM Instruments Atomic Force Microscope. Imaging was performed in non-contact mode in air using a probe with a nominal spring constant of 35-58 N/m and a resonance frequency of 181-200 kHz. The length of the cantilever was 223 µm. The AFM images were analyzed in Image Plus software. SEM images were obtained with a JEOL JSM 5400 instrument. Polymer film surfaces were sputtered with a gold:palladium alloy (60:40), using a Denton Vacuum Desc II instrument, prior to SEM analysis. Spin coating of the polymer was performed on Spin Coater KW-4A (Chemat Technology). Photoluminescence measurements were performed with an IBH 5000 U time-resolved fluorescence spectrometer equipped with a TBX-04 picosecond photon detection module. As excitation source a Coherent Mira 900 with a femto-second cavity in conjunction with a Coherent 9200 Pulse-Picker and an Inrad 050 SHG/THG generator were used. This was set to a pulse-repetition frequency of 4.75 MHz and excitation wavelength 375 nm (SHG of MIRA 750 nm) at a pulse length of approximately 200 fs. The pseudo continuous wave emission spectra were recorded by stepping the monochromator (2 nm slit) while monitoring the counts of emitted photons holding the excitation rate constant. Contact angle measurements were performed on a KSV CAM100 contact angle meter. Water (deionised) drop size for static measurements were 5µL. Contact angles were estimated with Young/Laplace fitting methods.
Casting of films
Casting of the polymer films were performed under humid conditions to yield honeycomb-patterned films. A closed chamber was used to ensure a constant humidity during film casting. A solution of PDHF or Si-graft-PS + PDHF in CS 2 (in the range 5-66 mg of polymer/ml) was applied to a glass substrate (~0.15 ml) at room temperature (22°C) with a relative humidity from 66 -85%. The polymer solution was left in the humidity chamber for 1.5 minutes. Mass percentages of the blends are reported with respect to the weight of Si-graft-PS. In a specific example (PDHF-10), 60 mg of Si-graft-PS and 6 mg of PDHF were dissolved in 1 ml CS 2 , where 0.15 ml of this solution was applied to a glass slide at 85% relative humidity. This resulted in a pore size of 3.8 µm. Concentration and humidity dependence on pore size were performed by diluting the aforementioned sample, via serial dilutions, to obtain 20 mg/ml and 7 mg/ml, followed by sequentially casting at 76% and 85% relative humidity. Reference films PDHF-SC and PDHF-DC were cast in ambient atmosphere with a relative humidity of ~20% and 22°C room temperature. Spin casting of PDHF-SC was performed at a rate of 1500 RPM.
RESULTS AND DISCUSSION
Porous film formation
The preparation of porous films was performed by blending 10 wt. % (PDHF-10), 20 wt. % (PDHF -20), 30 wt. % (PDHF-30), 40 wt. % (PDHF-40), 60 wt. % (PDHF-60) of PDHF into Si-graft-PS, and neat PDHF (PDHF-100). These polymers were dissolved in CS 2 and drop cast onto a glass or Si wafer substrate under humid conditions (66 -85 % relative humidity). Upon evaporation of CS 2 , a pale yellow opaque film formed after approximately 1 minute.
Representative optical microscope images of PDHF-10, PDHF-30 and PDHF-60 are depicted in Figure 2 . Revealingly, ordered arrays of PDHF:Si-graft-PS were achieved at various PDHF feed ratios. It should be noted that Davis and coworkers have also performed blending studies. 6c They found that blending a linear polystyrene into a star-shaped polystyrene resulted in ordered arrays only up to 30 wt. % of linear polystyrene. It was observed that ordered isoporous films were obtained more easily in the presence of Sigraft-PS (PDHF-10 to -60) than the pure conjugated polymer (PDHF-100). The PDHF-100 isoporous film formation was found to be concentration dependant, where 5 -10 mg of polymer / ml CS 2 generated the best films. The average pore size was 3.6 µm for PDHF-10, 3.5 µm for PDHF-20, 5.2 µm for PDHF-30, 3.8 µm for PDHF-40, 3.7 µm for PDHF-60, and 8.5 µm for PDHF-100. The fact that isoporous films could be achieved independently of the Si-graft-PS loading implies that the self-organization of PDHF (possibly by π-π interactions and/or crystallization of the alkyl chain) and/or Si-graft-PS (precipitation of the polystyrene) 8 induces the honeycomb structure. Figure 3 illustrates the atomic force microscope (AFM) image of PDHF-10 and PDHF-100. The AFM analysis shows that a close packed, open pore, 3-dimensional structure on the surface is obtained. This open pore structure is controlled by the shape and size of the condensed water droplets. 6d The pore size, measured by AFM, of PDHF-10 is 4 µm, PDHF-30 is 6 µm, and PDHF-100 is 7µm. These pore sizes are in good agreement with the optical microscope images. The pore depth of PDHF-10 is 1.5 µm, PDHF-30 is 2 µm and PHDF-100 is > 2.5 µm (larger than the sensitivity of the instrument). 
Pore size modification
The pore size was investigated as a function of humidity and concentration, and summarized in Table 1 . For example, by varying the concentration of PDHF-10 at 85% relative humidity from 66 mg/ml to 7 mg/ml, the pore size varied from 3.8 µm to 8 µm, respectively, and by decreasing the relative humidity to 76%, the pore size varied from 2.9 µm to 5.2 µm, respectively. The observed results are in good agreement with those observed in the literature. 
Photophysics
Photoluminescence spectra recorded on thin films of PDHF are shown in Figure 4 . The PDHF blends are compared to the neat PDHF film formed by spin casting (PDHF-SC) and by drop casting (PDHF-DC) in Figure  4a . Structured emission spectra were observed with maxima at 420 nm and 429 nm for PDHF-SC and PDHF-DC, respectively. This emission red-shift in PDHF-DC has been attributed to greater ordering of the conjugated polymer chains, resulting in stronger intermolecular aggregation interactions. 13 Interestingly, upon traversing the series from PDHF-10 to PDHF-100 the emission maximum increases to 437 nm, 443 nm, 449 nm, 449 nm, to 449 nm. Even at low concentrations of PDHF, the emission maximum is greater than a drop cast film in ambient atmosphere. The solid state emission of PDHF films were also investigated as a function of the evaporating solvent: carbon disulfide (CS 2 ), chloroform (CHCl 3 ), dichloromethane (CH 2 Cl 2 ), tetrahydrofuran (THF), and toluene.
14 Evidently, emission spectra are not dependant on the nature of the evaporating solvent. Taking the photoluminescence data results into consideration, the red-shift in emission is attributed to intermolecular interactions induced by PDHF-water interactions. That is, since the emission is not dependant on the evaporating solvent and the fact that water is a poor solvent for PDHF 13 (and the only casting parameter that is different from PDHF-DC), we conclude that aggregation of PDHF chains are induced from the PDHF-water interactions. Figure 5 depicts the static contact angle measurements on three film morphologies; namely, (a) smooth, (b) porous, and (c) pincushion. The pincushion morphology was obtained by removal of the top layer with an adhesive tape. 15 The contact angle for the smooth PDHF film results in a hydrophobic contact angle of 98°. This result is not surprising since PDHF lacks hydrophilicity. Upon increasing the surface roughness by employing a porous structured film, an increase of the hydrophobic character is observed with a contact angle of 113°. Furthermore, the most rough surface results in the highest contact angle of 129°. The increase in the contact angle with surface roughness is explained according to Cassie Equation, 16 where the accessible surface area is reduced for the water droplet to spread, and air is trapped in the voids which push the droplet upwards. To ensure accurate morphology-property relationships, SEM analyses was performed directly after the contact angle measurements, on the same films and are depicted in Figure 6 . Indeed it can be observed that a pincushion structure is obtained (Figure 6b and c) . As well, only the top layer is removed as revealed from Figure 6c , where the interface between the pincushion and porous film is shown. Although superhydrophobic films were not obtained, we are currently investigating the different topographies and polymer structures for an increase in the hydrophobic character to increase the water repellence of the film. 
Contact angle measurements
CONCLUSIONS
High quality isoporous conjugated polymer films were formed over large areas by simply blending Si-graft-PS with PDHF. The pore sizes varied between 3.5 µm -8.5 µm and had a depth between 1.5 µm ->2.5 µm according to optical micrographs, AFM and SEM images. The aggregation induced in these films is due to the polymer-solvent interactions between PDHF and the water droplets. Furthermore, the contact angle measurement shows a high degree of hydrophobicity, which is dependant on the film morphology. These polymer films may find use in microelectronic applications since the surface area is increased for facile charge injection and microarrays for biological and/or chemical sensors.
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